The etching behavior of polycrystalline boron-doped diamond (BDD) electrodes and diamond particles with gaseous CO2 at 800 and 900 °C was investigated by field-emission scanning electron microscopy, atomic force microscopy and X-ray photoelectron spectroscopy. Polycrystalline BDD (800 ppm), composed of a mixture of cubic {100} and triangular {111} orientated planes, was used so as to pursue the possibility of preferential etching by high temperature CO2 treatment. Nanometer sized pits were observed on the {100} planes while no change was observable for the {111} planes when the activation temperature was 800 °C. The difference in the etching behavior by CO2 with regard to the different planes was clarified using diamond particles and comparing with steam activation. The results demonstrate that CO2 activation leads to preferential {100} etching, whereas steam-activation results in preferential {111} etching.
Introduction
The etching of diamond has been studied both from fundamental standpoints [1] [2] [3] [4] [5] [6] [7] as well as for practical applications in conductive diamond electrodes [8] [9] [10] [11] [12] .
The oxidative etching of diamond with O2 and O2/H2O, as well as thermal and hyperthermal atomic oxygen have indicated that the {100} planes are more erosion resistant compared to the {111} planes [1] [2] [3] [4] [5] [6] [7] . A similar phenomenon was also observed in the case of H2O etching of conductive boron-doped diamond (BDD), where steam activation of BDD lead to preferential etching of the {111} planes [13, 14] . In addition to O2 and H2O, CO2 is also a common oxidative etchant. CO2 activation has been widely used to prepare activated carbon, and is known to lead to activated carbon with a different microstructure compared to steam activation [15] [16] [17] [18] [19] [20] .
Despite the abundant work on the preparation of activated carbon via CO2 and steam activation, information on the reaction between CO2 and diamond is scarce. The oxidative etching of diamond in kimberlite melts at high temperatures and high pressures have shown that oxidation of diamond with CO2 and H2O produce different surface features on {111} and {100} faces [21, 22] . To the best of our knowledge, the reaction between CO2 and boron-doped diamond has not been studied yet. These studies motivated us to study the CO2 activation of boron-doped diamond. We anticipated that in contrast to the {111} etching observed by steam activation in boron-doped diamond [13, 14] , CO2 activation may lead to preferential etching of the {100} planes.
Polycrystalline BDD is grown on substrates mainly by CVD processes and consists of randomly oriented crystallites with a mixture of cubic {100} and triangular {111} orientated planes exposed on the surface. Since electrocatalysis and redox reactions are both surface sensitive, BDD with preferential planes exposed to the surface would contribute to a better understanding of the kinetics and electrochemical activity BDD surfaces. The ratio of the exposed planes in BDD electrodes is governed by the CVD conditions and is not easily controlled. For example, highly boron-doped BDD are composed mainly of {111} faces, thus it is difficult to grow diamond films with {100} orientation with high levels of boron doping. The higher level of boron doping in {111} has been suggested to be the cause of higher electron transfer kinetics for redox couples such as [Ru(NH3) 6] 2+/3+ and [Fe(CN)6] 3−/4− for {111} than {100} [23, 24] .
In this study, CO2 activation is conducted on polycrystalline boron-doped diamond composed of a mixture of {111} and {100} planes, as well as non-doped diamond crystallites to investigate the etching behavior of doped-diamond surfaces.
The etching behavior of different planes is characterized by microscopy and the preferential etching by CO2 is compared and discussed with activation using steam as the oxidative etchant.
Experimental Section
Boron-doped polycrystalline diamond (800 ppm) was synthesized by hot filament-assisted chemical vapor deposition on a Nb substrate (2×2 cm 2 ) following previously procedures [25, 26] . The electrode with the BDD layer facing up was positioned in a silica boat and set in a silica furnace tube. The furnace temperature was raised to the activation temperature (800 or 900 °C) at a rate of 5 °C min −1 under flowing N2 (99.99995 %). When the activation temperature was reached, N2 gas was changed to CO2 gas (200 mL min −1 ) and held for 2 h. Finally, the samples were cooled down to room temperature under flowing N2. The samples will be denoted as a-BDD(800°C) and a-BDD(900°C) for BDD activated at 800 and 900 °C, respectively.
Steam activation was conducted in a similar fashion to CO2 activation. Instead of CO2 gas, ultrapure water (> 18 MΩ cm) was introduced into the silica furnace tube at saturated vapor pressure (40 °C) with N2 as the carrier gas at a flow rate of 100 mL min −1 . Activation using both CO2 and steam was conducted in an open system with the outlet gas exposed to atmospheric pressure.
The etching of pure diamond by CO2 activation and steam activation was conducted using as-received diamond crystallites with an average diameter of 300 μm (TOMEI DIAMOND Co. Ltd., IMS-25). The diamond crystallites have a cubo-octahedral structure with well-defined {111} and {100} planes (supplementary material Fig. S1 ).
A field emission-scanning electron microscope (FE-SEM; Hitachi S-5000) was used for morphological observation. Atomic force microscopy (Bruker, Digital
Instruments Nanoscope III ADC 5) was performed in air using silicon cantilevers (Bruker, NCHV-A) and a 130 μm scanner (AS-130V). X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis Ultra DLD X-ray photoelectron spectrometer with spectral resolution of approximately 0.8 eV using a standard Mg Kα (1256.6 eV) X-ray source operated at 15 mA and 15 kV. All binding energies were referenced to Au (4f7/2) at 83.7 eV. The C1s spectra were fitted with asymmetric mixed
Gaussian-Lorentzian sum functions using the XPS peak fitting software XPSpeak (version 4.1). The microstructure of BDD was characterized by Raman spectroscopy (Kaiser Optical Systems, Inc., Raman Microscope System 3000) with a YAG laser (excitation wavelength 532 nm) as the excitation source.
Results and discussion
The pristine BDD (800 ppm boron) electrode consists of randomly oriented crystallites with a mixture of cubic {100} and triangular {111} orientated planes exposed on the surface, as shown in Fig. 1a . The {100} and {111} planes can be identified by their shape as well as the difference in contrast in the FE-SEM images. In FE-SEM images obtained with secondary electrons, the cubic {100} planes appear as regions with slightly brighter contrast compared to the triangular {111} planes due to different electron affinity [27] . Some inhomogeneity in the contrast is observed on the {100} surface, which may suggest of inhomogeneity in the partial atmospheric oxidation of the surface.
A typical FE-SEM image of BDD after CO2 activation at 800 °C is shown in Fig. 1b (see Supplementary material Fig. S1 for low-magnification images). For a-BDD(800°C), numerous nanopits (5-10 nm) can be observed on the {100} planes, while no etching is evident on the {111} planes, which is more clearly seen in images with higher magnification (Fig. 2) . For the steam-activated BDD (Fig. 1c) , many pits in the shape of trigon or deformed trigon are formed on the {111} plane, while no etching is evident on the {100} plane (Fig. 1c) . FE-SEM images of a-BDD(900°C) reveals progressive etching of the {100} planes at 900 °C forms larger square pits with size of 200-400 nm along the crystal edges (shown with red arrows in Fig. 3 ), resulting in a macro-porous texture. Etching is so severe at 900 °C, that the {111} planes are no longer able to be distinguish after CO2 activation. In the case of activated carbon, CO2 first produces narrow micropores and then the pores are widened as activation progresses [15] [16] [17] [18] [19] [20] . If the mechanism of CO2 activation of BDD is similar to that of activated carbon, then the activation at 900 °C can be attribute to the widening of the nanopits to form large (200-400 nm) square pits.
XPS data was acquired to investigate the change in the carbon species on the surface of BDD (Fig. 4) . The relative abundance of the five carbon species obtained from the XPS data is shown in Fig. 5 . The percentage of C-C(sp 2 ) decreased from 8.2 % for pristine BDD to 4 -5 % for the CO2-activated BDD, indicating the removal of graphitic impurity by CO2 activation. This observation was also supported by Raman spectroscopy (see supplementary material). Oxygen functional groups (C-O, C=O) in pristine BDD is due to partial atmospheric oxidation. After CO2 activation at 800 °C, the relative abundance of C=O increased from 5.6 % to 7.7 % without any obvious change in the C-O. CO2 activation at 900 °C leads to a further increase in C=O content to 9.2 % and an increase in C-O from 11.8 % to 15.2 % compared to the pristine BDD. The abundance of C-H decreases from 23.7 % for the pristine BDD to 8.8 % for CO2 activated BDD at 900 °C. C=O is known to form on the {100} plane after oxidation of hydrogen-terminated diamond [28, 29] . A similar trend has been reported for anodic oxidation of BDD, producing C-O and C=O on the {100} plane, while C-O is generated on the {111} plane [30] . Coupled with the FE-SEM images showing the preferential etching of the {100} plane, the increase in C=O can be thus be associated to the partial oxidation of the {100} plane. Although the conditions of oxidation are different, the trend in the kinetics of oxidation by CO2 activation seems to be similar to oxidation of diamond and anodic oxidation of BDD.
In order to gain more macroscopic insight into the activation process, large non-doped diamond crystallites were subjected to CO2 activation. Comparative experiments by steam activation was also conducted to clarify the preferential etching behavior. Typical FE-SEM images of diamond particles after CO2 and steam activation at 900 °C for 2 h are shown in Fig. 6 . After CO2 activation, the {100} plane is rigorously etched with square pits (around 200 -400 nm) with pit density of 5.7 pits μm −2 ( Fig. 6(b) ). Etching of the {111} plane is less obvious with some point-bottomed trigons in the size of 100-300 nm (Fig. 6(b') ). The trigonal pit density (0.1 pits μm −2 ) is similar to the defect density of pristine diamond {111} plane, suggesting that the etching occurs at the defect sites. On the contrary, steam activation induces a very different surface feature compared to CO2 activation. The {100} plane of steam-activated diamond (Fig. 6(c) ) has point-bottomed square shaped pits with large size of 0.5 -2 μm and pit density of 0.8 pits μm −2 . The {111} plane has 0.5 -3 μm sized triangular pits with pit density of 0.13 pits μm −2 ( Fig. 6(c') ). Many steps can be observed on the walls of the triangular pits on the steam-activated {111} plane.
The surface roughness (R) was obtained from AFM images shown in Fig. 7 .
Before activation, the roughness is R < 10 nm for both {111} and {100} planes. For CO2 activation, increase in roughness of only the {100} plane (R = 102 nm) is apparent, and no obvious change can be observed for {111} plane (R = 10 nm). Thus CO2 activation leads to preferential etching of {100} and the {111} plane is resistant to activation. The roughness of the steam-activated {111} plane is R = 169 nm, approximately two times higher than steam-activated {100} plane (R = 89 nm). Steam activation etches both {111} and {100} plane, although the {111} plane gives a more roughened surface than the {100} plane. Since preferential etching was observed for non-doped diamond, we presume that boron is probably not the active site for etching.
However, since the amount of CO2-etchable {100} planes are less abundant for highly doped BDDs, it is anticipated that different etching results would be obtained for different doping level. Steam-activation would most likely result in higher degree of etching compared to CO2-activation for highly doped BDD, and vice versa for lower boron-containing BDD.
Based on the obtained results, the CO2-activation mechanism of polycrystalline BDD is discussed. The oxidative etching of diamond in kimberlite melts at high temperatures and high pressures [21, 22] . In these studies, the relative oxidation rate is different for H2O or CO2 and is also sensitive to the diamond plane [21, 22] . The structure sensitive oxidation has been explained by the difference in the position and
distance between the open bonds in the diamond lattice is different along the diamond lattice [21, 22] . It is assumed that the preferential oxidation of BDD is similar to that of these high temperature high pressure conditions to some extent. The macroscopic view of the CO2 activation process of BDD is schematically illustrated in Fig. 8 . CO2
activation at 800 °C leads to mild etching of {100} planes, forming numerous nanopits (5 -10 nm) on the {100} plane. When the activation temperature is raised to 900 °C, progressive etching of {100} plane occurs with widening of the pores, resulting in the formation of large square pits (200 -400 nm) along the crystal edges. 
Conclusion

